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Abstract 

Polyvinylidene fluoride (PVDF) composites filled with in situ thermally reduced graphene oxide (TRG) and silver 
nanowire (AgNW) were prepared using solution mixing followed by coagulation and thermal hot pressing. Binary 
TRG/PVDF nanocomposites exhibited small percolation threshold of 0.12 vol % and low electrical conductivity of 
approximately 1CT 7 S/cm. Hybridization of TRGs with AgNWs led to a significant improvement in electrical conductivity 
due to their synergistic effect in conductivity. The bulk conductivity of hybrids was higher than a combined total 
conductivity of TRG/PVDF and AgNW/PVDF composites at the same filler loading. Furthermore, the resistivity of hybrid 
composites increased with increasing temperature, giving rise to a positive temperature coefficient (PTC) effect at the 
melting temperature of PVDF. The 0.04 vol % TRG/1 vol % AgNW/PVDF hybrid exhibited pronounced PTC behavior, 
rendering this composite an attractive material for making current limiting devices and temperature sensors. 

Keywords: Graphene; Silver nanowires; Positive temperature coefficient; Polymer composite; Conductivity; 
Polyvinylidene fluoride 



Background 

Polymers with low weight, low production cost, and 
good corrosion resistance are favorable materials for 
making adhesives, membranes, circuit boards, electronic 
devices, etc. [1]. Most polymers are insulators with poor 
electrical conductivity. Their electrical conductivity can 
be improved markedly by adding large volume fractions 
of conductive metal particles and carbon blacks of 
micrometer dimensions. Polymer composites with large 
microfiller loadings generally exhibit poor processability 
and inferior mechanical strength [2-6]. In this regard, 
nanomaterials can be used as effective fillers for nano- 
composite fabrication and property enhancements [7-9]. 
In particular, electrical properties of polymers can be 
enhanced greatly by adding low loading levels of graphene 
with high mechanical strength and electrical conductivity, 
forming conductive nanocomposites of functional 
properties [10,11]. Such nanocomposites have emerged 
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as a promising and important class of materials for 
the electronics industry. 

Graphene is a two-dimensional, monolayer sp -bonded 
carbon with remarkable physical and mechanical properties. 
It has a large aspect ratio, exceptionally high mechanical 
strength, and excellent electrical and thermal conductivity 
[12]. Graphene fillers are generally prepared by oxidizing 
graphite flakes in strong acids to generate graphene oxide 
(GO). GO sheets are heavily oxygenated, bearing hydroxyl 
and epoxide functional groups on their basal planes, in 
addition to carbonyl and carboxyl groups at the sheet edges 
[13]. As a result, GO sheets can mix intimately with many 
organic polymers, facilitating the synthesis of GO/polymer 
composites with homogeneous dispersion of nanofillers. 
However, GO is an electrically nonconductive material; 
thus, the oxygenated functional groups must be removed 
either by reacting with chemical agents to form chemically 
reduced graphene or heating in a furnace to yield thermally 
reduced graphene (TRG) [10,11,14,15]. 

In a previous study, we reported the preparation of 
electrically conductive TRG/polymer composite by mixing 
GO in a polymer solution followed by hot pressing [16]. 
The in situ TRG sheets were dispersed homogenously in 
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the polymer matrix. The main disadvantage of this 
approach, however, is that the percolated composites have 
a relatively low electrical conductivity, resulting from 
incomplete thermal reduction of GO. The low conductivity 
can greatly limit potential applications of the composites. 
In the past decade, the synthesis of one-dimensional metal 
nanomaterials has received great attention from chemists, 
materials scientists, and physicists. These materials include 
Ag [17,18], Cu [19,20], Au [21,22], and CuNi [23] 
nanowires (NWs). The incorporation of those nanowires 
with unique properties into polymers can yield novel 
composites with functional characteristics. For example, 
da Silva et al. incorporated CuNWs into polyvinylidene 
fluoride (PVDF) and found that the CuNW/PVDF 
nanocomposites exhibit high dielectric permittivity 
and low dielectric loss [24]. 

Conductive polymer composites generally show a large 
increase in electrical resistivity by heating near the glass 
transition or melting temperature of the polymer matrix. 
This behavior is widely known as the 'positive temperature 
coefficient' (PTC) effect. The mechanisms responsible for 
the PTC effect are rather complex. PTC effect may arise 
from a difference in thermal expansion coefficient 
between the polymer matrix and conductive fillers. In 
addition, other factors such as the type, size and 
dispersion state of fillers, and the type of polymers 
can affect the PTC behavior [25-38]. From the literature, 
many researchers have extensively studied the PTC 
behavior of polymer composites filled with carbon 
blacks (CBs) in the past two decades [26-32]. Kim et al. 
incorporated 40 to 60 wt % CBs (0.86 and 0.3 urn) 
into PVDF, polyacetal, polyester, polyamide-11, and 
polyamide-12 [29]. They reported that the PTC intensity 
of polymer composites was proportional to the polymer 
crystallinity. For example, the degree of crystallinity of the 
50 wt % CB/polyamide-12 and 50 wt % CB/polyester 
composites was 48.30 and 36.26%, respectively. Thus, 
the former composite exhibited higher while the latter 
showed lower PTC intensity. Similarly, the 55 wt % CB 
(90 nm)/high-density polyethylene (HDPE) composite 
with large crystallinity exhibited higher PTC intensity than 
polypropylene (PP) composite at the same filler loading 
[30]. Recently, Dang et al. reported that the PP and HDPE 
composites with hybrid fillers of CBs (50 nm) and carbon 
fibers at 8 vol % loading exhibit strong PTC intensity [32]. 
They attributed this to the ease of a conducting network 
formation in the polymer matrix because of the large 
aspect ratio of carbon fibers. Analogously, hybridization of 
CBs (24 nm) with multiwalled carbon nanotubes also led 
to enhanced PTC intensity and reproducibility [31]. In this 
study, we aimed to improve electrical conduction behavior 
of TRG/PVDF composites by incorporating AgNWs. 
The AgNW/TRG/PVDF hybrid composites displayed 
interesting temperature-dependent electrical properties. 



PVDF is a semicrystalline polymer with high thermal 
stability, excellent chemical resistance, and high piezoelec- 
tric property. 

Methods 

Materials 

Graphite flakes, ethylene glycol (EG), A/,A/-dimethylfor- 
mamide (DMF), ferrite chloride (FeCLj), and poly (vinyl- 
pyrrolidone) (PVP) were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). PVDF (Kynar 500) pellets were 
purchased from Arkema Inc. (King of Prussia, PA, USA). 
Silver nitrate (AgN0 3 ) was obtained from Shanghai 
Chemical Reagent Company (Shanghai, China). All 
chemicals were used as received without further purification. 

Synthesis 

Graphite oxide was prepared using a typical Hummers 
process [39] and can be readily exfoliated into monolayer 
GO sheets as displayed by atomic force microscopic 
(AFM) image (Figure la). The GO sheets were dispersed 
in DMF to generate a 2 mg/mL solution. AgNWs 
were synthesized according to the polyol method [18]. 
Typically, PVP (0.2 g) and AgN0 3 (0.2 g) were dissolved 
in 20 ml EG at room temperature. Then, 60 uL of 0.5 mM 
FeCLj solution (in EG) was pipetted, and the solution 
mixture was magnetically stirred for 5 min. Subsequently, 
the solution container was placed in an oil bath of 130°C 
and held at this temperature for 12 h. The obtained 
AgNW products were washed with ethanol for five times 
and then re-dispersed in DMF. The average diameter and 
length of nanowires were approximately 130 nm and 
110 um, respectively (Figure lb,c), producing an average 
aspect ratio of approximately 850. 

The TRG/PVDF composites were prepared based on 
our previous strategy [16]. To prepare AgNW/TRG/PVDF 
composites, the PVDF solution (in DMF), GO solution 
(in DMF), and AgNW dispersion (in DMF) with appropri- 
ate mass ratios were mixed under sonication for 20 min. 
The mixed suspension was then coagulated into a large 
amount of stirring water. The precipitated fibrous mixture 
was washed with distilled water and ethanol and then 
collected using vacuum filtration. By drying at 70°C 
overnight, the fibrous mixture was finally hot-pressed at 
200°C. This process converted GO to TRG [15], thereby 
forming AgNW/TRG/PVDF hybrid composites. The 
composite samples were pressed into sheets of about 
0.5 mm thick for the electrical characterization. 

Characterization 

The morphology of AgNWs and AgNW/TRG/PVDF 
composites were examined in scanning electron 
microscopes (SEMs; JEOL JSM 820 and JEOL FEG JSM 
6335; JEOL Ltd., Akishima-shi, Japan). Static electrical 
conductivity of the composites was measured with 
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Figure 1 AFM image of GO sheets and SEM micrographs of AgNWs. (a) AFM image of GO sheets deposited onto a mica substrate. The line 
profile across GO shows a sheet thickness of approximately 1 nm. (b, c) SEM micrographs of the as-synthesized AgNWs at low and 
high magnifications. 



an Agilent 4284A Precision LCR Meter (Agilent 
Technologies, Inc., Santa Clara, CA, USA). The specimen 
surfaces were coated with silver ink to form electrodes. 
Moreover, the specimens were placed inside a computer- 
controlled temperature chamber to allow temperature- 
dependent conductivity measurements. 

Results and discussion 

Figure 2 shows static electrical conductivity of the 
TRG/PVDF composites at room temperature. From 
the percolation theory, a rapid increase in electrical 
conductivity occurs when the conductive fillers form a con- 
ductive path across the polymer matrix of a composite. The 
conductivity of the composite rx(p) above the percolation 
threshold (p c ) is given by [40,41]: 



a{p) =ff 0 (p-p c Y, for p>p c 



(1) 



where p is the filler content and t the critical exponent. 
Nonlinear fitting in Figure 2 gives p c = 0.12 vol %. We 
attribute the low p c to the high aspect ratio of TRG 
sheets, which lead to easier connectivity in forming a 
conductive network. Although the TRG/PVDF composites 
have a small p c , their conductivity at p c is quite low, i.e., in 
the order of approximately 10~ 7 S/cm. Such a low 
conductivity renders percolating TRG/PVDF composites 
can be used only for antistatic applications. From Figure 2, 
the conductivity reaches approximately 5 x 10~ 3 S/cm at 
1 vol % TRG. As recognized, TRGs still contain residual 
oxygenated groups despite high temperature annealing 
[15]. In other words, TRGs are less conductive than 
pristine graphene. To improve electrical conductive prop- 
erties, AgNWs are added to the TRG/PVDF composites as 
hybridized fillers. 

Figure 3a shows the effect of AgNW addition on electrical 
conductivity of AgNW/TRG/PVDF hybrids. Apparently, 
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Figure 2 Electrical conductivity of TRG/PVDF composites as a 
function of TRG content. Inset, log a vs. \og(p - p c ) plot. Close 
circles are data points. Red solid lines in both graphs are calculated 
conductivities by fitting experimental data to Equation 1 . Fitting results 
are p c = 0.1 2 ± 0.02 vol %, t = 2.61 ± 0.22, and a 0 = 1 ,496.43 ± 1 36.38 S/cm. 



electrical conductivity of the 0.04 vol % TRG/PVDF and 
0.08 vol % TRG/PVDF composites increases with increasing 
AgNW content, especially for latter hybrid composite 
system. This is mainly due to the very high conductivity of 
AgNWs (6.3 x 10 s S/cm) and the creation of new electrical 
contacts by nanowires. In the case of AgNWs alone, the 
AgNW/PVDF composites show no percolation up to 
2 vol % filler loading. By adding small amounts of TRGs 
(0.04 and 0.08 vol %), the hybrids display a steady increase 
in conductivity with increasing Ag content. Interestingly, 
the conductivity of AgNW/TRG/PVDF hybrids is much 
higher than the total conductivity of both TRG/PVDF and 
AgNW/PVDF composites. Thus, there exists a synergetic 
effect between these two types of nanofillers [42]. It 
seems that AgNWs can bridge the TRG sheets effectively, 
facilitating the transport of electrons among them [43]. 
The presence of conducting network can be detected by 
the alternating current (AC) response that manifested 
itself in a conductivity plateau. Figure 3b shows the AC 
conductivity of PVDF filled with TRGs, AgNWs, and 
hybrid nanofillers. For the TRG/PVDF and AgNW/PVDF 
composites, electrical conductivity rises almost linearly with 
the frequency, implying these materials are insulators. In 
contrast, the conductivity of AgNW/TRG/PVDF composite 
is frequency independent from 10 2 to 10 7 Hz. This sample 
exhibits a DC conductivity plateau over a broad frequency 
range, showing the formation of good conducting network. 
Figure 3c is a schematic diagram illustrating the occurrence 
of synergistic effect between the AgNW and TRG fillers in 
a conductive network. On the contrary, the AgNW or 
TRG filler alone does not form a conducting path. The 
percolated AgNW/TRG/PVDF composite exhibits higher 
conductivity compared to a combined total conductivity 
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Figure 3 Effect of AgNW content, AC conductivity, and 
schematic diagram of hybrid composite, (a) Effect of AgNW 
content on electrical conductivity of AgNW/TRG/PVDF hybrid 
composites, (b) AC conductivity of 0.04 vol % TRG/PVDF, 2 vol % 
AgNW/PVDF, and 2 vol % AgNW/0.04 vol % TRG/PVDF composites, 
(c) Schematic diagram of hybrid composite filled with AgNWs and TRGs. 
Filler hybridization facilitates the formation of a conducting network 



of TRG/PVDF and AgNW/PVDF composites. From 
Figure 3a, the conductivity of 1 vol % AgNW/0.04 vol % 
TRG/PVDF hybrid is more than nine orders of magnitude 
higher than that of the 1 vol % AgNW/PVDF composite. 
Furthermore, the conductivity of 2 vol % AgNW/0.08 vol % 
TRG/PVDF, i.e., 10 S/cm is comparable to that of measured 



He and Tjong Nanoscale Research Letters 2014, 9:375 
http://www.nanoscalereslett.eom/content/9/1/375 



Page 5 of 8 



graphite paper with a conductivity of 12 S/cm [44]. 
Figure 4a,b is the SEM micrographs showing typical 
morphologies of hybrid composites. The AgNWs are 
well dispersed within the polymer matrix. The use of 
sonication during the composite fabrication process 
can reduce the aspect ratio of AgNWs as expected. 

The effect of temperature (40 to 180°C) on electrical 
resistivity (a reciprocal of conductivity) of AgNW/TRG/ 
PVDF hybrids is now discussed (Figure 5). All hybrid 
composites show a slow increase in resistivity with 
increasing temperature initially followed by a sharp 
increase in resistivity as the temperature approaches 



melting point of PVDF. This behavior is commonly 
referred to as the positive temperature coefficient (PTC) 
effect of resistivity. A maximum increase in resistivity is 
particularly apparent for the composite with 0.04 vol % 
TRG and 1 vol % AgNW loadings, being more than four 
orders of magnitude higher than that at 40°C. Above the 
melting temperature of PVDF, a reverse effect, i.e., a 
decrease in resistivity or negative temperature coeffi- 
cient (NTC) can be seen. This decrease is due to the 
re-aggregation of conductive fillers in molten polymer, 
generating a conductive path in the composite. It is 
observed that the hybrids with higher AgNW content 
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Figure 4 SEM micrographs of hybrid composites. SEM micrographs of AgNW^RG/PVDF composites with (a) p AgNW = 0.5 vol % and py RG = 0.04 
vol % and (b) Pa 9 nw = 1 vol % and f>mG = 0.04 vol %. 
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Figure 5 Effect of temperature on resistivity of AgNW/TRG/PVDF 
composites with (a) pr RG = 0.04 vol % and (b) p TRG = 0.08 vol %. 



exhibit weaker PTC effect, demonstrating that their 
conductive network is more robust than those with lower 
AgNW content. By utilizing AgNWs as a hybrid filler 
component, we can tune the PTC intensity in electrically 
conductive TRG /polymer composites effectively. 



Recently, Ansari and Giannelis prepared TRGs by fast 
heating GOs in a furnace at 1,000°C for 30 s [36]. The 
PTC effect was not found in solution-mixed 3 to 4 wt % 
TRG/PVDF nanocomposites. Instead, the resistivity of 
such nanocomposites decreased from ambient to 170°C, 
displaying NTC effect behavior. They attributed this to 
the higher aspect ratio of TRGs such that the contact 
resistance dominated over tunneling resistance. More 
recently, Rybak et al. studied electrical conducting 
behavior of HDPE and polybutylene terephthalate (PBT) 
filled with Ag spherical nanoparticles (150 nm) [38]. The 
percolation threshold of Ag/HDPE and Ag/PBT nano- 
composites was determined to be 17.4 and 13.8 vol %, re- 
spectively. Silver spherical nanoparticles exhibited low 
aspect ratio of unity, leading to large percolation threshold 
of these nanocomposites as expected. Furthermore, 
percolated Ag/HDPE and Ag/PBT nanocomposites also 
displayed PTC characteristics. Comparing with binary 
Ag/HDPE and Ag/PBT composites, our ternary hybrid 
composites only require very low AgNW additions, i.e., 
1 to 2 vol % to achieve the PTC effect. Such low 
AgNW additions are beneficial for industrial applica- 
tions, because AgNWs with high aspect ratio are 
more cost-effective than Ag nanoparticles of large 
volume fractions. 

For electrically conductive polymer composites, two 
types of resistance can develop normally: constriction 
contact resistance and tunneling contact resistance [36]. 
At low filler loadings, the fillers are dispersed at a large 
distance so that a conducting network cannot form in 
insulating polymer matrix. Under such a circumstance, 
electrical conduction occurs due to the 'Zener tunneling 
or internal field emission effect,' i.e., electrons penetrate 
a potential barrier because of magnified local electrical 
field [45,46]. Generally, the number of contacts increases 
with an increase in the number of filler particles of large 
aspect ratio, so the contact resistance predominates. 
In this case, the filler particles link one another to 
form a conducting network throughout the system, 
leading to high conductivity of the composite. As rec- 
ognized, molecular chain movement is activated when 
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the temperature exceeds glass transition temperature 
of the polymer. For the AgNW/TRG/PVDF compos- 
ite, TRGs can make many contacts with the polymer 
matrix because of their large surface-to-volume ratio. 
Thus, low-density TRGs sense quickly to the move- 
ment of polymer molecular chains as the temperature in- 
creases. In contrast, AgNWs with higher density respond 
slowly to molecular chain movement. An increase in 
temperature can disrupt conductive path network by 
increasing the distance between TRG fillers as shown 
in Figure 6a,b. The separation of AgNWs and TRGs 
due to heating causes a reduction in the overall 
contacts among AgNWs and TRGs, resulting in a 
gradual increase in resistivity. PTC materials generally 
find useful applications for fabricating temperature sensors 
and self-regulating or current limiting devices [47,48]. 
The pronounced PTC behavior of the AgNW/TRG/ 
PVDF composites enables the materials to respond 
very rapidly to the changes in temperature. Thus, the 
hybrids are novel PTC materials finding attractive 
usage in industrial sectors for a variety of smart and 
functional applications. 

Conclusions 

AgNW/TRG/PVDF hybrid composites were prepared 
using solution mixing followed by coagulation and 
thermal hot pressing. Electrical measurements showed 
that the bulk conductivity of hybrids was higher than 
a combined total conductivity of both TRG/PVDF and 
AgNW/PVDF composites at the same filler loading. This 
was due to the AgNWs bridged TRG sheets effectively in 
forming a conductive network in the PVDF matrix, produ- 
cing a synergistic effect in conductivity. Consequently, elec- 
trical conductivity of 2 vol % AgNW/0.08 vol % TRG/PVDF 
composite was comparable to measured conductivity of 
graphite paper. Finally, the resistivity of hybrid com- 
posites increased with increasing temperature, particu- 
larly at the melting temperature of PVDF, generating 
a pronounced PTC effect. This effect was caused by 
the volume expansion of PVDF matrix with increasing 
temperature, which disrupted the synergistic effect 
and reduced electrical contacts among the conductive 
fillers. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

LH carried out the experiments, interpreted the data, and drafted the 
manuscript. SCT participated in the design of the study, material analysis, 
and revision of the whole manuscript. Both authors read and approved the 
final manuscript. 

Acknowledgements 

This work is supported by the project (R-IND4401), Shenzhen Research 
Institute, City University of Hong Kong. 



Received: 17 July 2014 Accepted: 27 July 2014 
Published: 1 August 2014 

References 

1. Meng YZ, Hay AS, Jian XG, Tjong SC: Synthesis and properties of poly(aryl 
ether sulfone)s containing the phthalazinone moiety. J Appl Polym Sci 
1998, 68:137-143. 

2. Tjong SC, Meng YZ: Morphology and mechanical characteristics of 
compatibilized polyamide 6-liquid crystalline polymer composites. 
Polymer 1997, 38:4609-4615. 

3. Tjong SC, Liu SL, Li RKY: Mechanical properties of injection molded 
blends of polypropylene with thermotropic liquid crystalline polymer. 
J Mater Sci 1 996, 31 :479-484. 

4. Fung KL, Li RKY, Tjong SC: Interface modification on the properties of sisal 
fiber- reinforced polypropylene composites. J Appl Polym Sci 2002, 
85:169-176. 

5. Li XH, Tjong SC, Meng YZ, Zhu Q: Fabrication and properties of 
poly(propylene carbonate)/calcium carbonate composites. J Polym Sci Pt 
B- Polym Phys 2003, 41:1806-1813. 

6. Liang JZ, Li RKY, Tjong SC: Tensile properties and morphology of 
PP/EPDM/glass bead ternary composites. Polym Compos 1999, 
20:413-422. 

7. Maity S, Downen LN, Bochinski JR, Clarke LI: Embedded metal 
nanoparticles as localized heat sources: an alternative processing 
approach for complex polymeric materials. Polymer 201 1, 52:1674-1685. 

8. Yang T, Kofinas P: Dielectric properties of polymer nanoparticle 
composites. Polymer 2007, 48:791-798. 

9. Tjong SC, Meng YZ: Impact-modified polypropylene/vermiculite 
nanocomposites. J Polym Sci Pt B- Polym Phys 2003, 41 :2332-2341 . 

10. Kuilla T, Bhadrab S, Yao D, Kim NH, Bose S, Lee JH: Recent advances in 
graphene based polymer composites. Prog Polym Sci 2010, 35:1350-1375. 

1 1 . Jang J, Pham VH, Rajagopalan B, Hur SH, Chung JS: Effects of the 
alkylamine functionalization of graphene oxide on the properties of 
polystyrene nanocomposites. Nanoscale Res Lett 2014, 9:265. 

12. Novoselov KS, Geim AK, Morozov SV, Jiang D, Zhang Y, Dubonos SV, 
Grigorieva IV, Firsov AA: Electric field effect in atomically thin carbon 
films. Science 2004, 306:666-669. 

13. Lerf A, He HY, Forster M, Klinowski J: Structure of graphite oxide revisited. 
J Phys Chem B 1998, 102:4477-4482. 

14. Stankovich S, Dikin DA, Piner RD, Kohlhaas KA, Kleinhammes A, Jia Y, Wu Y, 
Nguyen ST, Ruoff RS: Synthesis of graphene-based nanosheets via chemical 
reduction of exfoliated graphite oxide. Carbon 2007,45:1558-1565, 

15. McAllister MJ, Li JL, Adamson DH, Schniepp HC, Abdala AA, Liu J, 
Herrera-Alonso M, Milius DL, Car R, Prud'homme RK, Aksay IA: Single sheet 
functionalized graphene by oxidation and thermal expansion of graphite. 
Chem Mater 2007, 19:4396-4404. 

16. He L, Tjong SC: A graphene oxide-polyvinylidene fluoride mixture as a 
precursor for fabricating thermally reduced grapheme oxide-polyvinylidene 
fluoride composites. BSC Adv 2013, 3:22981-22987. 

1 7. Chang MH, Cho HA, Kim YS, Lee EJ, Kim JY: Thin and long silver nanowires 
self-assembled in ionic liquids as a soft template: electrical and optical 
properties. Nanoscale Res Lett 2014, 9:330. 

18. Sun Y, Mayers B, Herricks T, Xia Y: Polyol synthesis of uniform silver 
nanowires: a plausible growth mechanism and the supporting evidence. 
Nano Lett 2003, 3:955-960. 

19. Rathmell AR, Bergin SM, Hua Y-L, Li Z-Y, Wiley BJ: The growth mechanism 
of copper nanowires and their properties in flexible, transparent conducting 
films. Adv Mater 201 0, 22:3558-3563. 

20. Rathmell AR, Wiley BJ: The synthesis and coating of long, thin copper 
nanowires to make flexible, transparent conducting films on plastic 
substrates. Adv Mater 201 1, 23:4798-4803. 

21 . Lyons PE, De S, Elias J, Schamel M, Philippe L, Bellew AT, Boland J, Coleman JN: 
High-performance transparent conductors from networks of gold 
nanowires. J Phys Chem Lett 201 1 , 2:3058-3062. 

22. S'anchezHglesias A, Rivas-Murias B, Grzelczak M, P'erez-Juste J, Liz-Marz'an 
LM, Rivadulla F, Correa-Duarte MA: Highly transparent and conductive 
films of densely aligned ultrathin Au nanowire monolayers. Nano Lett 
2012, 12:6066-6070. 

23. Rathmell AR, Nguyen (VI, Chi M, Wiley BJ: Synthesis of oxidation-resistant 
cupronickel nanowires for transparent conducting nanowire networks. 
Nano Left 2012, 12:3193-3199. 



He and Tjong Nanoscale Research Letters 2014, 9:375 
http://www.nanoscalereslett.eom/content/9/1/375 



Page 8 of 8 



24. da Silva AB, Arjmand M, Sundararaj U, Bretas RES: Novel composites of 
copper nanowire/PVDF with superior dielectric properties. Polymer 2014, 
55:226-234. 

25. Bao SP, Liang GD, Tjong SC: Positive temperature coefficient effect of 
polypropylene/carbon nanotube/montmorillonite hybrid 
nanocomposites. IEEE Trans Nanotechnol 2008, 8:729-736. 

26. Tang H, Liu ZY, Piao JH, Chen XF, Lou YX, Li SH: Electrical behavior of 
carbon black-filled polymer composites — effect of interaction between 
filler and matrix. J Appl Polym Sci 1994, 51:1159-1164. 

27. Luo YL, Wang GC, Zhang BY, Zhang ZP: The influence of crystalline and 
aggregate structure on PTC characteristic of conductive polyethylene/carbon 
black composite. Eur Polym J 1998, 34:1221-1227. 

28. Park SJ, Kim HC, Kim HY: Role of work of adhesion between carbon blacks 
and thermoplastic polymers on electrical properties of composites. J Colloid 
Interface Sci 2002, 205:145-149. 

29. Kim Jl, Kang PH, Nho YC: Positive temperature coefficient behavior of polymer 
composites having a high temperature. J Appl Polym Sci 2004, 92:394-401 . 

30. Horibe H, Kamimura T, Yoshida K: Electrical conductivity of polymer 
composites filled with carbon black. Jpn J Appl Phys 2005, 44:2025-2029. 

31. Lee JH, Kim SK, Kim NH: Effects of the addition of multi-walled carbon 
nanotubes on the positive temperature coefficient characteristics of 
carbon-black-filled high-density polyethylene nanocomposites. Scripta Mater 
2006,55:1119-1122. 

32. Dang ZM, Li WK, Xu HP: Origin of remarkable positive temperature 
coefficient effect in the modified carbon black and carbon fiber co-filled 
polymer composites. J Appl Phys 2009, 106:024913. 

33. Gao JF, Yan DX, Huang HD, Dai K, Li ZM: Positive temperature coefficient 
and time-dependent resistivity of carbon nanotube/ultrahigh molecular 
weight polyethylene composite. J Appl Polym Sci 2009, 1 14:1002-1010. 

34. Jiang SL, Yu Y, Xie JJ, Wang LP, Zeng YK, Fu M, Li T: Positive temperature 
coefficient properties of multiwall carbon nanotube/poly(vinylidene 
fluoride) nanocomposites. J Appl Polym Sci 2010, 116:838-842. 

35. Bao SP, Liang GD, Tjong SC: Effect of mechanical stretching on electrical 
conductivity and positive temperature coefficient characteristics of poly 
(vinylidene fluoridej/carbon nanofiber composites prepared by 
non-solvent precipitation. Carbon 201 1, 49:1758-1768. 

36. Ansari S, Giannelis EP: Functionalized graphene sheet-poly(vinylidene fluoride) 
conductive composites. J Polym Sci Pt B-Polym Phys 2009, 47:888-897. 

37. Boiteaux G, Boullanger C, Cassagnau P, Fulchiron R, Seytre G: Influence of 
morphology on PTC in conducting polypropylene-silver composites. 
Macromol Symp 2006, 233:246-253. 

38. Rybak A, Boiteaux G, Melis F, Seytre G: Conductive polymer composites 
based on metallic nanofiller as smart materials for current limiting 
devices. Compos Sci Technol 2010, 70:410-416. 

39. Hummers WS, Offeman RE: Preparation of graphitic oxide. J Am Chem Soc 
1958,80:1339-1339. 

40. Nan CW, Shen Y, Ma J: Physical properties of composites near 
percolation. Annu Rev Mater Res 2010, 40:131-151. 

41. Nan CW: Physics of inhomogeneous inorganic materials. Prog Mater Sci 
1993, 37:1-116. 

42. Yan G, Wang L, Zhang L: Recent research progress on preparation of 
silver nanowires by soft solution method, preparation of gold nanotubes 
and Pt nanotubes from resultant silver nanowires and their applications 
in conductive adhesive. Rev Adv Mater Sci 201 0, 24:1 0-25. 

43. Chen R, Das SR, Jeong CW, Khan MR, Janes DB, Alam MA: Co-percolating 
graphene-wrapped silver nanowire network for high performance, 
highly stable, transparent conducting electrodes. Adv Funct Mater 201 3, 
23:5150-5158. 

44. Marinho B, Ghislandi M, Tkalya E, Koning CE, de With G: Electrical 
conductivity of compacts of graphene, multi-wall carbon nanotubes, 
carbon black, and graphite powder. Powder Technol 2012, 221:351-358. 

45. He L, Tjong SC: Nonlinear electrical conduction in percolating systems 
induced by internal field emission. Synth Met 201 1, 161:540-543. 

46. He L, Tjong SC: Universality of Zener tunneling in carbon/polymer 
composites. Synth Met 2012, 161:2647-2650. 



47. Isaji S, Bin YZ, Matsuo M: Electrical conductivity and self-temperature-control 
heating properties of carbon nanotubes filled polyethylene films. 

Polymer 2009, 50:1 046-1 053. 

48. Azulay D, Eylon M, Eshkenazi O, Toker D, Balberg M, Shimoni N, Millo O, 
Balberg I: Electrical-thermal switching in carbon-black-polymer composites 
as a local effect. Phys Rev Lett 2003, 90:236601 . 



doh10.il 86/1 556-276X-9-375 

Cite this article as: He and Tjong: Electrical behavior and positive 
temperature coefficient effect of graphene/polyvinylidene fluoride 
composites containing silver nanowires. Nanoscale Research Letters 
2014 9:375. 



Submit your manuscript to a SpringerOpen 0 
journal and benefit from: 

► Convenient online submission 

► Rigorous peer review 

► Immediate publication on acceptance 

► Open access: articles freely available online 

► High visibility within the field 

► Retaining the copyright to your article 



Submit your next manuscript at ► springeropen.com 



